Abstract-We investigate phase-sensitive operation at telecommunication wavelengths in periodically-poled lithium-niobate waveguides, measuring a record phase-dependent dynamic range of 14.5 dB with 5-dB phase-sensitive gain, compared to phase-insensitive operation. We also highlight limitations arising at high pump powers from green light emission and thermal instability which limits performance compared with an ideal theoretical model.
I. INTRODUCTION
T HE property of phase-sensitive amplifiers (PSAs) to amplify or attenuate signals according to their phase leads to several intriguing properties. In addition to the possibility of noiseless amplification [1] and dispersion compensation [2] , PSAs are attractive devices for performing phase regeneration of phase modulated signals [3] - [5] . The most common technique of implementing a PSA is to use four-wave mixing (FWM) in a fiber-optic parametric amplifier (FOPA) to generate phase correlated signal, idler and pump waves that are used as the input to a second FOPA operated as a PSA [2] - [5] . However, the use of cascaded second-order nonlinearity in periodically poled lithium-niobate (PPLN) waveguides offers a number of potential advantages [6] . High nonlinear coefficients may be achieved in crystals of only a few centimeters in length together with low spontaneous noise emission, low crosstalk and no intrinsic frequency chirp, offering the prospect of compact, low latency, broadband devices. Additionally, PPLNs are relatively immune to stimulated Brillouin scattering (SBS), which limits FOPA-based PSAs and requires significant additional complexity to alleviate. Indeed, all practical, FOPA based PSA demonstrations at telecommunication wavelengths have required either pump phase modulation, which makes generation of suitable phase correlated input waves more difficult, or used specialist strained fibers to increase the SBS threshold.
Previously, PPLNs have been used in a variety of optical signal processing applications [6] difference frequency generation (DFG) using a 1.054 nm pump in a bulk lithium-niobate optical parametric amplifier [7] and recently, a PSA based on cascaded sum frequency generation (cSFG) and DFG in a PPLN waveguide was proposed to offer -band PS operation [8] but only a small phase dependent dynamic range (PDDR) measured at moderate (20 dBm peak) pump power.
In this letter, we use high (30 dBm) pump power to implement a PPLN-based PSA exploiting (cSHG/DFG) in the nondegenerate idler configuration [5] , [7] , [8] and report record PDDR of 14.5 dB in a nonlinear crystal at telecommunication wavelengths. We investigate the performance of 2 packaged PPLN devices from different manufacturers and report common performance limiting issues of green light generation, temperature instability and infrared absorption that prevent measurement of as strong a PS response as predicted by a theoretical model based on that presented in [8] . These results show that PPLN waveguides are promising devices for all-optical phase regeneration but highlight issues to be addressed in the design of application specific devices.
II. EXPERIMENTAL DESCRIPTION
Measurements of PS gains were obtained for 2 PPLN devices, produced by different manufacturers, as a function of device input power. The first (PPLN A) had a grating period of 18.9 m and quasi phase matching wavelength ( ) of 1549.9 nm at a temperature of 40 C. At the same temperature, the second (PPLN B) had a of 1557.7 nm and grating period of 19.1 m. Both devices were doped with magnesium oxide to prevent photorefractive damage and reduce the operating temperature [9] . The 4.5 cm long waveguides were packaged in temperature controlled fiber pig-tailed modules with total insertion losses, including fiber coupling, of 7.5 and 5.5 dB for PPLN A and PPLN B respectively.
The experimental setup is shown in Fig. 1 , together with phase relations, where , and denotes the phase of the pump, signalandidlerrespectively.Thefirst stage was to generate phase-1041-1135/$26.00 © 2011 IEEE correlated signal ( ), pump ( ) and idler ( ) waves. In the absence of PPLN with matching , this was done using a FOPA based on highly nonlinear fiber (HNLF) as a phase-insensitive amplifier (PIA) in a nondegenerate idler configuration. As defined in [5] , this may be considered the copier in a copier PSA configuration. An external cavity tunable laser generated with the wavelength set by the of the device under test. To suppress SBS in the fiber, was phase modulated with 3 RF tones at 100 MHz, 300 MHz and 900 MHz. It was subsequently amplified by a high-power erbium-doped fiber amplifier (HP-EDFA) and filtered with a 1.4 nm optical filter to remove excess noise. A second tunable laser was used to generate and this was combined with the pump on the high loss arm of 90/10 optical tap. was chosen as trade-off between the gain spectrum of the FOPA and the HP-EDFA with values of 1542.9 nm for PPLN A and 1549.9 nm for PPLN B. Polarization controllers (PC) were used to align and and optical taps were used to monitor the input and output signals and the power and spectrum of back-reflected light.
Both signals were then passed into a 250 m long span of HNLF where a phase-correlated idler wave ( ) was generated. The HNLF had a zero dispersion wavelength ( ) of 1545 nm and nonlinear coefficient ( ) of 10 W km . The pump power was 27 dBm at the HNLF input and the signal power adjusted to provide PIA output power of 10 dBm and compensate for signal gain variation arising from the differences between of the fiber and the for each PPLN. The signal gain was 13 dB when tuned for PPLN A and 18 dB when tuned for PPLN B. After the PIA, a variable optical attenuator (VOA) was used to reduce the optical power at the input to a liquid crystal-on-silicon based optical processor (OP). The OP was used to equalize the and powers and adjust the relative phase ( ) of the signals by adding a static phase shift ( ) to . Hence, controlled and subsequently the coupling between , , and the induced second harmonic ( ), allowing measurement of PS characteristics. was measured at 775 nm for PPLN A and 779 nm for PPLN B. The OP also allowed or to be selectively blocked and convert the PPLN to phase-insensitive (PI) operation. All 3 waves were then amplified in a second HP-EDFA and a VOA and PC were used to control the power and polarization at the PPLN input. An optical spectrum analyzer (OSA) and power meter were used to evaluate the PS gain and attenuation.
III. RESULTS Fig. 2(a) shows measurements of total output power ( ), second harmonic power ( ) as a function of the input pump power ( ). As expected, at low , grows as the square of for both devices with PPLN B generating more than 10 times the of PPLN A. However, this relationship is not maintained for PPLN B at high , where intense visible green light at the third harmonic wavelength ( ) of 519.3 nm was observed in the chip and output fiber and was periodically depleted. These measurements were taken with no signal present. However, with the signal present, much larger and fluctuations together with green light emission was observed for both devices for as low as 15 dBm. However, the process was not stable enough to accurately quantify experimentally, having a dynamic effect on both temperature and polarization that in turn affected and . It is believed that the green light, which was also observed at the wavelength of 516.3 nm for PPLN A, was generated by a SFG process between the second harmonic and input signals. Subsequently, depletion occurs both as a result of power transfer to and also through green light induced infrared absorption (GRIIRA). GRIIRA, photo-induced absorption bands in the near IR and visible spectra, breaks the relation and causes local heating and a nonuniform temperature profile [9] - [11] . This process has been observed to cause a nonlinear temperature profile or thermal lens within the crystal, disrupting phase matching and optical frequency conversion [9] - [11] . Evidence of heating can be seen in Fig. 2(b) , which shows the temperature offset applied to the temperature controller (TC) to maintain the at due to waveguide heating. For the quasi-static experimental configuration and range of used, it was necessary to optimize the TC setting over a range of 9 C to ensure a stable and maximize the PS response. Hence, along with photorefractive damage, GRIIRA may be the limit of higher power operation, and hence, should be addressed in the design of PPLNs specifically for PSA applications. The impact of these effects is evident in Figs. 3 and 4 , which show the measured PS response together with theoretical plots calculated using the model presented in [8] which assumes no power transfer to or the related effects described. The model used characteristic data for PPLN B and assumed losses of 0.35 dB/cm at and 0.7 dB/cm at and nonlinear optical coefficient ( ) of 25 pm/V. Fig. 3 shows a typical plot PS gain and attenuation, relative to PI operation achieved by suppressing the idler in the OP, as a function of (pump) for PPLN B at a power of 27 dBm. Since, varying changes the pump and signal coupling, it was also required to optimize the temperature for thermal variations induced by phase shifts applied in the OP. It was observed that matching to the maximum signal attenuation allowed measurement of the largest PDDR but means that phase matching is not necessarily ideal for measuring PSA gain. The reduced suppression observed in the idler is believed to result from additional phase noise transferred to the idler from the phase modulated pump. Clearly, the dynamic range of nearly 10 dB, shown in Fig. 3 is significantly lower than the 18 dB predicted from the theoretical model. This may be explained in 2 ways. Firstly, the observed depletion and power transfer to are not taken in to account in the model and hence losses are likely to exceed those assumed. Furthermore the effect of the dynamic thermal instability will manifest itself as uncertainty or jitter in the , reducing the strength of the nonlinear coupling between , and . As also observed in [3] for a FOPAbased PSA at high power, such effects are more detrimental to PS attenuation, since the parametric attenuation minima of the PSA response is significantly narrower than the gain peak when plotted on a logarithmic scale. Consequently, the tolerance to resulting phase uncertainty and noise is significantly reduced and mismatch with the theoretical value is increased.
The same discrepancy between measured and calculated performance is evident in Fig. 4 which shows the maximum measured gain and attenuation, relative to PIA operation for both devices as function of . At each pump power, separate measurements were required at the maximum PS gain and attenuation with the optimized by temperature in each case. Fig. 4 also shows that the measured PS response is significantly weaker than the calculated values. At maximum pump power, a PDDR of 14.5 dB was measured compared to the 29 dB predicted by the model. Again, the difference was largely in the PS suppression with the 5 dB PS gain measured being only 0.6 dB below the calculated value, compared to PI operation. Fig. 4 also reveals differences between the two devices. The PDDR measured for PPLN B exceeded the 9.3 dB measured for PPLN A by 5 dB and it is suspected the additional insertion loss, lower measured and weaker nonlinear interaction observed in PPLN A results from minor photo-refractive damage.
Despite the measurement of large PDDR, it is worth noting that, the overall signal gain in both chips were barely enough to overcome the transmission and packaging losses with a maximum net gain of under 1 dB. Although, the measured PDDR already makes such devices suitable for phase squeezing and regeneration applications, obtaining significant gain by addressing the issues described in the design of new devices would broaden potential applications for PPLN-based PSAs.
IV. SUMMARY
We report measurements of phase-sensitive gain for two independently manufactured PPLN waveguides and a record -band phase dependent dynamic range of 14.5 dB. The performance, relative to a theoretical model was limited by low net gain, power transfer to third harmonic wavelength, infrared absorption and subsequent temperature instability. Although scope for improvement exists in these areas, the potential advantages over fiber-based devices, including small size and stimulated Brillouin scattering immunity, make them attractive for further study. The results confirm that PPLN waveguides are candidates for all-optical phase regeneration based on phase squeezing in fiber-optic communication systems.
